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INTRODUCTION 

H-mordenite, i n  combination w i t h  hydrogenation ca ta lys ts ,  has been 
used inlhydrocracking o f  d i f f e r e n t  types o f  hydrocarbons. Voorhies and 
Hatcher and Beecher e t  a1.2 used pd-H-mordenite i n  the study o f  k i n e t i c s  
o f  hydrocracking o f  c 6 ,  c8 and C1o p a r a f f i n i c  and naphthenic hydrocarbons. 
The hydrogen mordenite used had a Si02/A1203 o f  about 10. The react ions 
were found t o  be o f  f i r s t  order w i t h  respect t o  hydrocarbon concentrat ion 
and the a c t i v a t i o n  energies o f  hexane, cyclohexane, n-decane and Decal in  
were found t o  be 48, 31 , 33 and 25 kcal  ./mole respect ive ly .  
a lso  used hydrogen mordenite having a Sio2/A1203 o f  g rea ter  than 50 i n  
combination w i th  pal ladium i n  the hydrocracking o f  n-decane and Decalin. 
The aluminum d e f i c i e n t  c a t a l y s t  combination was found t o  be over 4 t imes as 
a c t i v e  as d-H-mordenite combination. Aluminum d e f i c i e n t  H-mordenite (Sio2/ 
A1203 = 647 was also found t o  b more a c t i v e  i n  cumene crack ing by Eberly 
and Kimberlin3. Qader e t  al.49g s tud ied the hydrocracking o f  naphthalene 
and anthracene over ca ta lys ts  conta in ing H-mordenite (Sio2/A1203:10) and 
oxides and su l f ides  o f  Cos Mo, N i  and W. The react ions were found t o  be 
cf f i r s t  order w i t h  respect t o  hydrocarbon concentrat ion and the a c t i v a t i o n  
energies o f  naphthalene and anthracene hydrocracking were found t o  be 30.5 
and 28.6 kcal  ./mole respect ive ly .  The anthracene hydrocracking data was 
a lso found t o  be compatible w i t h  the d u a l s i t e  mechanism according t o  t h e  
Langmuir-Hinshelwood model. The hydrocracki-: o f  phenanthrene over c a t a l y s t  
combinations containing H-mordenites o? 10, 50 and 100 s i l ica-a lumina r a t i o s  
i s  presented i n  t h i s  paper. 

Beecher e t  a1 .2 

EXPERIMENTAL 

Phenanthrene o f  over 99.8 percent p u r i t y  was hydrocracked i n  a batch 
s t i r r e d  tank reactor  o f  1 - l i t r e  capacity, shown i n  Figure 1. Twenty grams 
of phenanthrene, 7.5 grams o f  H-mordenite o r  s i l i c a - ( l o w )  alumina and 2.5 
grams o f  WS2 were used i n  each experiment. Hydrocracking was car r ied  out  
i n  the temperature range 400'-500°C a t  a constant i n i t i a l  (co ld )  pressure o f  
1800 ps i .  The f i n a l  (ho t )  pressures var ied between 3000 and 3500 p s i .  The 
reactants and ca ta lys ts  were heated t o  the experimental temperature i n  25-35 
minutes and the time when the temperature reached the experimental temperature 
was taken as zero reac t ion  t ime as shown i n  Figure 2. 
zero reac t ion  times were determined by cool ing the products imnediately a f t e r  
the  temperature reached the experimental temperature. It took 1-2 minutes 
t o  cool the products t o  below 300°C i n  a l l  experiments. I t  was assumed t h a t  
no reac t ion  took place dur ing the cool ing cyc le .  Zero reac t ion  time hydro- 
cracking conversions var ied  between 1 and 5 weight percent o f  phenanthrene 
under the experimental candi t ions employed. Experiments were conducted a t  
reac t ion  times o f  zero t ime (as defined above), zero time + 20, zero t i m e  + 
30 and zero time + 60 minutes. 
react ion t ime and zerotime + 60 minutes were used f o r  evaluat ion of mechanisms 
and k i n e t i c s .  The volume o f  i n i t i a l  hydrogen used i n  the react ion and the 
product gases were measured by a wet gas meter. The l i q u i d  product and 
the spent ca ta lys t  were recovered by washing a l l  the reac tor  par ts  w i t h  acetone. 

The conversions a t  

The conversions obtained i n  between zero 
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I n  experiments designed f o r  c a l c u l a t i n g  weight balances, a weighed quant i t y  
o f  T e t r a l i n  was used f o r  recover ing the  l i q u i d  product and ca ta lys t .  
Cata lyst  was then separated from the l i q u i d  by f i l t r a t i o n ,  washed w i t h  
acetone and d r i e d  a t  110°C. The weight o f  t h e  l i q u i d  product was then 
obtained by d i f fe rence.  

Weight o f  l i q u i d  product = (weight o f  T e t r a l i n  + L i q u i d  
Product + Cata lys t  as recovered from the reactor)-(Weight 
o f  i n i t i a l  T e t r a l i n  used f o r  washing + weight o f  d r i e d  
spent c a t a l y s t ) .  

The weight o f  C1-C4 gases formed was obtained from t o t a l  volume o f  gaseous 
product and gas composition. The d i f fe rence between i n i t i a l  hydrogen used 
i n  the  reac t ion  and hydrogen present i n  product gas was taken as hydrogen 
consumed i n  t h e  reac t ion .  
done by gas chromatographic techniques. 
14 carbon atoms, a l l  compounds i n  the  product conta in ing 13 carbon atoms 
o r  l e s s  were taken as cracked products f o r  c a l c u l a t i n g  hydrocracking 
conversions. 
l i q u i d  product analyses. 

The analyses o f  l i q u i d  and gaseous products were 
Since phenanthrene m l e c u l e  contains 

The mole percent hydrocracking conversions were obtained from 

Mole percent hydrocracking conversion = (Sum o f  mole percenta es 
o f  a l l  components o f  the  l i q u i d  product which i s  equal t o  1007- 
(Sum o f  mole percentages o f  a l l  components o f  the l i q u i d  product 
conta in ing 14 carbon atoms). 

This was done on t h e  assumption t h a t  there w i l l  be no change i n  the  l i q u i d  
moles during the  r e a c t i o n  s ince each mole o f  phenanthrene can y i e l d  on ly  
one mole o f  each component o f  the l i q u i d  product. 
reported inc lude l i q u i d  product components which come out  i n  the chromato- 
graphic analys is  a f t e r  phenanthrene and coke. 

The h igher  compounds 

COKE DETERMINATION 

The f resh  and spent c a t a l y s t s  were heated i n  a muf f le  furnace a t  600°C 
f o r  3 hours and the weight losses were determined. 
the weight losses o f  each used c a t a l y s t  and the f r e s h  c a t a l y s t  was taken 
as coke formed dur ing  the reac t ion .  

RESULTS AND DISCUSSION 

Reaction Mechanism: 

Hydrocracking o f  phenanthrene involves three main reac t ion  steps o f  
hydrogenation, isomer izat ion and cracking as ind icated by the  product 
d i s t r i b u t i o n  data g iven i n  Table I .  Phenanthrene f i r s t  gets hydrogenated 
t o  d i - ,  t e t r a -  and octa-hydrophenanthrenes. The hydrophenanthrenes, then 
get  isomerized t o  C14 isomers. 
carbon atoms (14) as  hydrophenanthrenes and they are  formed from t e t r a -  
and octahydrophenanthrenes by the ske le ta l  rearrangement o f  saturated s i x  
member r ings o f  the l a t t e r  t o  saturated f i v e  member r ings  w i t h  methyl 
groups attached t o  them. 
f i v e  member r ings .  This ske le ta l  rearrangement i s  analogous t o  the  isomerizat- 

The d i f fe rence between 

C14-isomers conta in  the same number o f  

The C14-isome1-s conta in  one o r  two saturated 
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i o n  o f  hydroanthracenes t o  C14-isomers as repor ted by Qader e t  a1.5. 
t h i r d  reac t ion  step i s  the hydrocracking o f  hydrophenanthrenes and C14- 
isomers t o  lower molecular weight compounds. 
data given i n  Table I i nd ica tes  t h a t  the i n i t i a l  products o f  hydrocracking 
are  C13- isomers and naphthalenes. Clg-isomers conta in  13 carbon atoms 
and one f i v e  member saturated r i n g  i n  the molecule and they are formed from 
C14-isomers by  demethylation o f  the l a t t e r .  
naphthalene are  formed by the  hydrocracking o f  hydrophenanthrenes, and C 4- 
and C13-isomers. The format ion o f  naphthalenes and t e t r a l i n s  as the  i n i l i a 1  
products o f  hydrocracking suggests t h a t  crack ing i s  tak ing  place i n  one of 
the  s ide benzene r ings  o f  the hydrophenanthrenes, and C14-and C13-isomers. 
AS cracking proceeds fu r ther ,  indans and alkylbenzenes are formed i n  the 
product. This suggests t h a t  indans and a l k y l  benzenesare formed from 
naphthalenes and t e t r a l i n s  by the occurrence o f  hydrogenat on, i somer iza t ion  

d l s t r i b u t i o n  data obtained i n  t h i s  work suggest t h a t  phenanthrene hydro- 
crack ing takes place through the occurrence o f  a mu l t i s tep  mechanism of 
hydrogenation, isomer ia t tkn and crack ing as shown i n  Figure 3. 
i s  a very complex one and the  mechanism presented i n  F igure 2 represents 
on ly  the  gross hydrocracking pat tern.  Somewhat s i m i l a r  mec anisms were 

e t  al.6 hydrocracked phenanthrene over a n icke l  sulphide on s i l i ca -a lumina 
c a t a l y s t  and found t h a t  the r e a c t i o n  took p lace  p a r t l y  by a s i m i l a r  mechanism 
as shown i n  Figure 3 and p a r t l y  by two o ther  mechanisms. Rumohr and K i i l l i n g  
hydrocracked phenanthrene over a n i c k e l  on alumina c a t a l y s t  and repor ted 
t h a t  the  reac t ion  took p lace by a mechanism somewhat s i m i l a r  t o  the  one 
shown i n  Figure 3. 

The 

The product d i s t r i b u t i o n  

The alkylnaphthalenes and 

and cracking react ions as reported e a r l i e r  by Qader e t  a l .  d . The product 

e a r l i e r  repor ted by Su l l i van  e t  a1.6 and Rumohr and K o l l i n g  5 . S u l l i v a n  

The r e a c t i o n  

; 

KINETICS OF HYDROCRACKING 

During hydrocracking, phenanthrene gets hydrogenated t o  hydrophenanthrenes 
which subsequently ge t  isomerized t o  C14-isomers. 
and C14-isomers w i l l  then crack t o  lower molecular weight compounds. 
compounds o f  the product conta in ing less than 14 carbon atoms are taken as 
cracked products i n  the c a l c u l a t i o n  o f  hydrocracking conversions. The 
conversion data were evaluated by a simple f i r s t  order r a t e  equation (1 )  
where "x" i s  mole f r a c t i o n  conversion o f  phenanthrene 

The hydrophenanthrenes 
A l l  

Ln (1-x)  = -KT + Q (1 1 
(mixture o f  phenanthrene, hydrophenanthrenes and C14-isorners) and Q i s  a 
constant. The p l o t s  o f  equation (1)  shown i n  Figures 4 and 5 fnd ica te  t h a t  
the order o f  hydrocracking reac t ion  i s  one w i th  respect t o  phenanthrene 
concentrat ion a t  constant hydrogen pressure. The f i r s t  order  r a t e  constants 
were used i n  c a l c u l a t i n g  Arrhenius a c t i v a t l o n  energies as shown i n  Figure 6. 
A c t i v a t i o n  energies o f  20.8 and 35.3 kcal./mole were obtained i n  the hydro- 
cracking o f  phenanthrene over H-mordenite (10) + WS2 and S i l i ca- ( low)  alumina + 
WS2 cata lys ts  respect ive ly .  
crack ing reac t ion  i s  predominantly c o n t r o l l e d  by chemical processes. The 
f i r s t  order r a t e  constants o f  phenanthrene obtained over Mordenite and S i l i c a -  
alumina c a t a l y s t  systems were found t o  be represented by equations (2 )  and (3)  
respec t i  ve ly  . 

The a c t i v a t i o n  energies i n d i c a t e  t h a t  the hydro- 
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A C T I V I T I E S  OF CATALYSTS 

A c t i v i t i e s  o f  ca ta l ys ts  depend upon r e a c t i o n  condi t ions and nature 
o f  reactants. A c t i v i t i e s  o f  ca ta l ys ts  can be evaluated and compared by 
reac t ion  ra tes  c a l c u l a t e d  from conversion data. The r a t e  o f  a chemical 
reac t ion  i s  very much in f luenced by the c a t a l y s t  a c t i v i t y  and i t  i s  neces- 
sary to  keep the c a t a l y s t  a c t i v i t y  same throughout the  react ion.  
cracking coke depos i t ion  takes place on the  c a t a l y s t  and reduces the 
ava i lab le  ac t i ve  s i t e s  which i n  tu rn  reduces the a c t i v i t y .  A large excess 
of ca ta l ys t  i s  used i n  t h i s  work t o  insure  a v a i l a b i l i t y  o f  s u f f i c i e n t  
number o f  ac t i ve  s i t e s  dur ing the reac t ion .  Conversior, data obtained on 
four d i f f e ren t  c a t a l y s t s  are shown i n  Figure 7 and the  f i r s t  order r a t e  
constants are used t o  represent c a t a l y s t  a c t i v i t i e s .  The a c t i v i t i e s  o f  
the ca ta lys ts  v a r i e d  i n  the order H-M-50 + WS H-M-100tWS > S i l i ca- ( low)  
alumina + WS > H-M-10 + WS2 as shown i n  Tab12 11. The a c t f v l t y  o f  mordenite 
+ WS2 c a t a l y z t  system almost doubled when'the s i l ica-alumina r a t i o  o f  
mordenite increased from 10 t o  50. The a c t i v i t i e s  o f  mordenites w i th  
s i l i ca -a lumina r a t i o s  o f  50 and 100 were found t o  be same. The aluminum 
d e f i c i e n t  mordenites were e a r l i e r  found t o  be more ac t i ve  i n  the hydro- 
cracking o f  n-decane and Decaline. Though a c t i v i t y  increased w i t h  s i l i c a -  
alumina r a t i o ,  t he  phenanthrene hydrocracking mechanism remained same as 
ind ica ted  by the  product d i s t r i b u t i o n  data given i n  Table 111. 

I n  hydro- 

COKE FORMATION 

Conversion data shown i n  Figure 2 i nd i ca te  t h a t  m o s t  o f  the coke was 
formed dur ing i n i t i a l  stages o f  the react ion.  A f t e r  the deposi t ion o f  
i n i t i a l  coke, the a c t i v i t y  o f  the c a t a l y s t  probably gets equ i l ib ra ted .  
This appears t o  be happening a t  the zero r e a c t i o n  t ime and the increase 
i n  coke deposi t ion a f t e r  the zero t ime i s  no t  very high. The coke data 
shown i n  Figure 8 i nd i ca te  t h a t  the mordenite based ca ta lys ts  produce 
less  coke when compared t o  s i l i ca -a lumina based ca ta l ys t .  The s i l i c a -  
alumina r a t i o  o f  the  mordenite appear t o  be having some inf luence on coke 
y i e l d .  Catalysts w i t h  s i l ica-alumina r a t i o s  o f  50 and 100 y ie lded more 
coke when compared t o  c a t a l y s t  w i th  s i l i ca -a lumina r a t i o  o f  10. 

REACTIVTTTES OF HYnRnCARRnNS 

The r e a c t i v i t i e s  o f  d i f f e r e n t  polynuclear aromatic hydrocarbons are 
compared by t h e i r  f i r s t  order ra te  constants as shown i n  Figure 9 and Table 
I V .  The data show t h a t  phenanthrene i s  less  reac t ive  when compared t o  
naphthalene and anthracene and more reac t i ve  than pyrene. The r e a c t i v i t i e s  
var ied i n the order  anthracene>naphthalene>phenanthrene>pyrene. 
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TABLE I. HYDROCRACKING PRODUCT DISTRIBUTION OF PHENANTHRENE 
PRESSURE: 1800 PSI (COLD) 

Cata lyst  

Temperature, "C 
Reaction T ime.  Mins. 
LIQ!ID PROOUCT 
COM OSITION, WT. % 
Phenanthrene 
Hydrophenanthrenes 
(Di-,  Tetra-, and Octa-) 
Hydrophenanthrene 
isomers (C, ) 
Hydrop henan?hrene 
isomers (C13) 
Naphthalenes and T e t r a l i n s  
Indans 
Alkylbenzenes and benzene 

TABLE 11. 

Cata lyst  

H-M-50+WS2 

S i l i ca- ( low)  Alumina + WS2 

H-M-1 O+WS 

H-M-IOO+W$ 

WS2 (2.5 gram) H-Mordenite (7.5 gram) 

400 
0+5 

500 
0+30 

66.89 82.04 

29.17 10.54 

2.68 3.01 

0.70 
0.56 
n i  1 
n i  1 

0.50 
3.13 
0.78 
n i  1 

WS2(2.5 gm) 
+H-Mordeni t e  
(7.5 gram) 

400 450 
0+5 0+10 

40.37 64.00 

51.70 25.64 

4.21 5.22 

0.41 0.76 

0.32 0.11 
n i l  1.27 

2.99 3.00 

ACTIVITIES OF CATALYSTS 
TEMPERATURE = 45OOC 

PRESSURE = 1800 p s i  (co ld)  

F i r s t  Order Rate Constant, S e c z  

1 2 . 8 1 ~  lg5 
21 x.10- 
21 x 10-5 
17 x 10-5 

R 
I 
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TABLE I1 I .  HYDROCRACKING PRODUCT DISTRIBUTION OF PHENANTHRENE 
PRESSURE = 1800 ps i  (co ld)  

Ca t a  1 yst 
Temperature, O C  

Reaction Time, Mins. 
Liijuiij PRODUCT COMPOSITION,WT. % 
Phenanthrene 
Hydrophenanthrenes 
( D i - ,  Tetra-, and Octa-) 
Hydrophenanthrene isomers C1 
Hydrophenanthrene isomers IC141 
Naphthalenes and T e t r a l i n s  
Indans 
A1 ky l  benzenes and Benzene 

M- l0+WS2 
400 
0+5 

40.37 
51.70 

4.21 
0.41 
2.99 
0.32 
n i  1 

H-M-SO+WSz 
425 
D+5 

81.95 
15.36 

1.31 
0.11 
1.27 

n i  1 
n i  1 

H-M-lOOtWS2 
400 
?+5 

74.90 
20.19 

0.97 
0.48 
2.74 
0.72 
n i  1 

TABLE I V .  REACTIVITIES OF HYDROCARBONS 
TEMPERATURE: 45OOC 

PRESSURE: 1800 PSI (COLD) 
Hydrocarbon F i r s t  Order Rate Constant, Sec.” 
Anthracene 16.5 x 10-5 
Naphthalene 14.3 x 10-5 
Phenanthrene 12.8 x 10-5 
Pyrene 5 x 10-5 
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PHENANTHRENE HYDROPHENANTHRENES (DI., TETRA. 8 OCTA.) 

I 

+ "2 
+ 

TETRALINS +Hp INDANS - BENZENES 

FIGURE 3. HYDROCRACKING MECHANISM OF PHENANTHRENE 
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